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ABSTRACT

Utilizing data from a four month period (SCORPIO Expedi-
tion, 1967) an analysis was made of the various characteris-
tics of the South Pacific Ocean. e

This investigation was based on the primary assumption
that the geostrophic approximation was valid. A level of
no motion was established at 762m and 1203m for the latitu-
dinal sections of 28°S and 43°s respectively, which satisfied
mass and salt continuity requirements. Comprehensive tempera-
ture and salinity data extended from the western boundary
to the eastern boundary of the South Pacific Ocean, and from
the sea surface to the sea floor.

Net meridional mass, salt and heat transport values
were calculated dependent on a selected level of no motion
for each of the latitudinal sections. These transport
values were then attributed to specific water masses. The
current circulation for the Upper Layer was determined to
be anticyclonic while the Bottom Layer was cyclonic. The
Upper Layer had a net northern transport at both latitudes,
while the Intermediate Layer had a net southern transport
at 28°S and a northern transport at B3, ' The Deep Layer
had a net southern transport along both latitudes with
the Bottom Layer having a net northward transport.

Along both latitude lines, there was determined a net
northward heat flow of 33 and 77 x 1012
28°S and 43°S latitudinal sections. Given the initial

cal/sec for the

assumptions made, this slight northward heat transport is

probably within the range of error for this study.
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I. INTRODUCTION

The heat budget of the earth is the result of a net sur-
plus of solar radiation received in the tropics, together
with a net loss of heat in the polar regions. Since the
temperatures of the tropics and the polar regions do not
progressively get warmer and colder respectively, it was
assumed that there was a poleward transport of heat from the
equatorial area (Newmann and Pierson, 1966). Thisvheat
transport was a method of energy transfer. It was assumed
that the bedrock structure of the earth accounted for negli-
gible heat transfer through conduction (Sverdrup et al.,
1942). The earth's atmosphere and world ocean were then
assumed to be the primary energy transfer agents.

Coker (1947) wrote that the chief sources of heat for
the sea were heat from the atmosphere by contact, absorption
of radiation and condensation of water vapor. He also men-
tioned conduction through the ocean bottom, heat due to
frictional currents and heat released through chemical and
biological processes as negligible sources.

Neumann and Pierson (1966) in quoting Maury (1856)
wrote: "The aqueous portion of our planet preserves its
beautiful system of circulation. By it heat and warmth are
dispersed to the extratropical regions; clouds and rains
are sent to refresh the dry land; and by it cooling streams

are brought from polar seas to temper the heat of the

s
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torrid zone. To distribute moisture over the surface of the
earth, and to temper the climate of different latitudes, it
would seem, are the two great offices assigned by their
Creator to the ocean and the air."

Dietrich (1963) stated that the external processes‘of
heat transfer between ocean and atmosphere, as well as the
internal processes of heat conduction in the ocean, are
known only in rough outline.

At one time, the ocean had been thought of as the primary
method of transfer. For over a century, there has been con-
troversy over which system, air or sea, is the predpminant

&
mechanism for energy transport. et

Maury (1856) and Ferrel (1890) emphasized the sea as the
primary agent. Angstrom (1925) roughly equated the oceanic
and atmospheric heat transport. Bjerknes et al. (1933) and
Sverdrup et al. (19u42) considered oceanic transport negli-
gible as compared to that of the atmosphere. Jung (1952)
questioned this and then stressed (Jung, 1955) that while
oceanic transport of sensible heat is less than the atmos-
pheric sensible and latent heat, it should not be considered
as negligible.

It was proposed by Jung (1952) that the oceans with
their accompanying current systems might be of more impor-
tance in the transfer of heat energy than thought at the
time. He suggested that earlier studies such as Sverdrup
et al. (1942) had considered only the standing horizontal

eddy, that is the Gulf Stream system with its associated
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return currents, in their calculations. Jung proposed that

closed vertical circulations in meridional planes could con=-
ceivably transport large quantities of energy, even when
the velocities involved were minor. Jung followed this in
1955 with a detailed study in the North Atlantic Ocean which
determined the heat transported by geostrophic ocean currents.
Several studies (Budyko, 19563 Sverdrup, 1957; Bryan, 1962;
Sellers, 1965; Vander Haar and Oort, 1973; Baker, 1978) with
oceanic contribution to meridional transfer have followed,
but with the exception of Baker, these studies have not
utilized synoptic or nearly synoptic data for an entire ocean.
This study utilized a computer program developed by
Greeson in his 1974 master's thesis. Two coast to coast
South Pacific Ocean latitude sections obtained by the SCCRPIO
Expedition (1967) were used to determine a general geostrophic
circulation and net heat flux measurements.
The geostrophic method provided a means for computing
the field of relative (geostrophic) motion in a fluid from
a knowledge of the internal distribution of pressure (Von Arx,

1962) .
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ITI. BACKGROUND

A. ENERGY TRANSPORT
The discussion of energy transport within either an at-
mospheric or oceanic medium starts with a general equation

applicable to all fluid motion,

(a) (b) (c) (d)
T [ (pU + pC%/2 + p6 + P) ¥ a8, (1)

S

where T* represents the total meridional energy trans-
ferred normal to a vertical wall encircling the earth at a
particular latitude, p 1is density, U 1is the internal
energy per unit mass, ¢ 1s the magnitude of the fluid
velocity, ¢ is the potential energy per unit mass, P is
the pressure, Vn is the component of the fluid velocity
normal to the latitude wall at a given level in either air
or ocean and dS is the differential area of the wall.

The total amount of energy transported across a com-
plete latitudinal circle is composed of the transport due
to (a) the advection of thermal energy, (b) the transport
of kinetic energy, (c) the transport of potential energy
and (d) the rate of work done by pressure forces.

As compared to the other terms, the transport of

kinetic energy (b) is negligible (Jung, 1952).

13
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The transfer of energy in the ocean is carried out by
the water currents. Geostrophic equilibrium is assumed as
one method to determine the magnitude of these currents.

In addition the assumption of hydrostatic equilibrium in
the vertical eliminates term (c) and (d) from equation (1).

-

This then reduces equation (1) to the following form:

TO j[ pSUS Vns d@n, {2)

(0]

The subscript "s" stands for seawater, and "o" is that part
of our latitude wall, "S", slicing through the ocean. Now
neglecting compressibility effects in water, US = CDSTS

where Cps is the specific heat at constant pressure of sea
water, and T is the temperature of sea water. Equation

(2) may now be written as

o Lt
To = j{ L Cps‘s Jns do . 5 (3)

B. THE LEVEL OF NO MOTION

The dynamic method of utilizing oceanographic data in-
cludes the problem of locating a reference level of no
motion. This reference level is necessary in order to deter-
mine absolute current velocities. Defant (1961), in discuss-
ing the difficulty of the problem, reported that the required

data necessary to determine a zero level was largely lacking.




There have been several attempts to determine this level of
no motion as listed in Defant (1961) and Baker (1978).

One early method was to assume this level was at a great
depth in the oceén. The logic for this approach was the as-
sumption that deep ocean waters were uniform with nearly
horizontal isopycnal (equal density) and isobaric (equél
pressure) surfaces. Absolute current velocities could be
determined if the level was placed at a constant great depth.

Another method, offered by Jacobsen (1916), utilized the
location of an oxygen minimum in the ocean as an identifier
of the level of minimum horizontal motion. The reasoning
behind this method was that the use of oxygen due to oxidation
of organic matter takes place at all levels; therefore a min-
imum oxygen content would represent an area of minimum hori-
zontal current replenishment. This method has some peculiar
results which were brought out by various investigators
(Rossby, 19363 Iselin, 19363 and Dietrich, 1936). In addi-
tion to unrealistic results, the assumptions of uniform
distribution of organic matter and oxygen consumption were
incorrect. This method of minimum oxygen levels necessarily
coinciding with a level of no motion can be disregarded.

Parr (1938) considered thickness variation of isopycnal
surfaces as a deterministic factor of a level of no motion.
He equated minimal thickness distortion to minimal water
motion within the layer.

Fomin (1964) took exception to Parr's method stating

that the variation of current velocity in the vertical was a

1S
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function not only of isopycnal surface slope, but it also de-
pended upon the vertical density gradient. Since Parr’s
method ignored the vertical density gradient, it would be
possible to choose as a layer of no motion an undistorted
thickness layer which was in reality a region of strong cur-
rent velocity.

Hidaka (1940) proposed two different methods for determin-
ing the level of no motion. His first method was based on
the salinity distribution. Fomin (1964) disagreed with this
method saying that coefficients of turbulent diffusion in a
layer of no motion did not remain finite as Hidaka had assumed
and therefore Hidaka's resultant salinity characteristics bore
no definite relation to the current velocity field.

Hidaka's second method depended on the continuity of
volume and salt transport and the calcﬁlation of the vertical
distribution of current velocity by the dynamic method. Fomin
(1964) again took exception with Hidaka in that Hidaka's sim-
plification of the continuity equation was not theoretically
correct and also because this method led to a set of equations
that could not be solved with the current accuracy of at sea
measurements.

Defant (1941) determined the zero level based on the dif-
ferences in dynamic depths of isobaric surfaces. Examination
of dynamic height differences of isobaric surfaces of Atlantic
station pairs resulted in Defant recognizing a relatively
thick layer with horizontal uniform depth variation and small

isobaric surface dynamic depth differences (Fomin, 1964),

16
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Defant related this dynamic depth difference constancy to a
constant vertical gradient component of current velocity
within the layer. This layer was assumed to be nearly motion-
less and considered to directly adjoin the zero motion sur-
face (Fomin, 1964). Baker (1978) evaluated the Defant/method
as one of the most reasonable, but stated that resultant cur-
rent velocities had a low accuracy due to the accumulation

of errors associated with the dynamic méthod.

Sverdrup et al. (1942) developed a method based upon the
continuity equation; the level of no motion was determined
by comparison of water mass transport above and below a
horizontal reference surface. When the mass transport in
the latitudinal area of study above the reference surface
was equal and opposite in direction to the net mass transport
below this surface, the reference surface was then a level of
no motion. One difficulty with this approach was the require-
ment for data across the ocean from coast to coast necessary
for dynamic calculations.

Stommel (1956) produced a method for determining the
level of no motion using Ekman's concept of the oceans con-
sisting of a wind driven surface layer of frictional influence
and a deeper frictionless geostrophic layer. Surface wind
stress produced divergence or convergence causing entry or
exit of water from the subsurface geostrophic frictionless
layer. This geostrophic layer will then suffer thickness
changes. Water parcels within this layer will shrink or ex-

pand as they move poleward, producing a vertical component

L
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equal to the vertical component at the bottom of the friction-
aL layer produced by wind stress. This matching will occur
at a level of no motion.

The final method of this summary is one introduced by
Stommél and Schott (1977) based on the beta-spiral and a
determination of the absolute velocity field from density
data. Their theory was that because the horizontal component
of velocity rotates with depth, absolute velocities could be
found from observations of the density field alone.

This particular study of the Pacific Ocean uses the mass
and salt continuity method proposed by Sverdrup et al. (1942)
to determine the level of no motion along two latitudinal

tracks (28°S and 43°S) across the South Pacific.

18




ITI. STATEMENT OF THE PROBLEM

The problem was to determine the heat energy transported
by the South Pacific Ocean. To accomplish this objective
necessitated the obtaining of thermal and salinity data in
coast-to-coast latitudinal tracks from the surface to as near
the ocean bottom as possible. It was aiso necessary to have
a sufficient comprehension of the circulation pattern of the
area.

Energy transfer is accomplished by several processes:
large-scale advection, smaller scale eddy diffusion, and
molecular diffusion. The primary mode of transfer is large-
scale advection with eddy diffusion and molecular diffusion
contributions being several orders of magnitude smaller.

This investigation will neglect eddy and molecular diffusion.

The energy flux across any latitude line in the ocean 1is

expressed by equation (3),

TO" =/ os CpsTs Vns 90 (3)
o
where the heat transport term determines the total
energy flux across a vertical cross section of area dO
within the ocean. The specific heat at constant pressure of
sea water, C , for this study has been assumed to have the

ps
value of unity.

13




"
)
4
{
-

Velocities were calculated with the formula derived by
the Helland-Hansen and Sandstrom (1903) equation, and with
the procedure from Sverdrup et al. (1942). The procedure
utilizes the assumption of geostrophic equilibrium within
the ocean. Jung (1955) pointed out that the geostroph%c
balance assumption appéars valid for large-scale motion out-
side the equatorial region. It is therefore applicable for
the area of this study. '

In order to calculate geostrophic velocity differences
between consecutive depths and between adjacent pairs of sta-

tions, dynamic heights were first computed. The equation

V-V, = 22D, - Ay
was used, where C = (2Qsin¢)‘l, Q2 1is the earth's angular
speed, 8 1is the latitude, L 1is the horizontal distance be-
tween stations A and B, and DA and DB are the dynamic
heights (or depths) of the two stations (Greeson, 1374).
The reference level or level of no motion must be estab-
lished prior to using this method. To determine this depth

level, there must be a zero net transport of both water mass

and salt across the entire latitudinal slice of ocean, fodO:

6\‘ '\‘

O O

0 ()]
(9]
<< <

3 3

0 (7]
[aN o
o [ ]
" "
o o

where S here is salinity in parts per thousand.

20




The mass balance was the primary tool for determining

the level of no motion. As will be seen later, however,
there was little depth difference between levels balancing
the mass and salt transports. After a level of no motion
was determined, the heat flux across the associated lat;tude

section was calculated.




IV. PROCEDURE

A. DATA SOURCES

This study dealt with the area of the South Pacific- Ocean
shown in Figure 1. Two latitudinal oceanographic sections
were supplied by the SCORPIO Expedition, USNS Elfanin Cruises
28 and 29, 12 March -~ 31 July 1967 (WHOI Reference 69-56).
The two latitude sections were at approximately 28°15'S and
43°15°'s. Figure 2 is a photograph of the USNS ELTANIN which
collected the oceanographic data. In planning the SCORPIO
Expedition, the two east-west tracks had been selected for
the following reasons: '"observations of good quality in the
central area were scarce and in order to have a general know-~
ledge of the world ocean some attention had to be given to
this immense area; this area also includes some of the deepest
of the ocean trenches; and ... the study of deep circulation
in the world ocean could not proceed without a systematic
survey of the deep-water characteristics in the South Pacific,
which is the largest of the world's oceans" (WHOI Reference
69~-56).

Cruise 28 had an easterly track starting off the east
coast of Tasmania. Station 1, Cruise 28, was occupied on
March 12, 1967 and the last station of the track, Station 78,
on May 8, 1967. Cruise 29 had a westerly track, originating

off the west coast of Chile, with its first station, number
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86, occupied on June 4, 1967 and its last station, number 185,
on July 31, 1967. Since the data were collected in less than
a five month period, it has been assumed they are simultaneous.

There are small voids in the cross-sectional latitudinal
area where data were not taken. These voids existed primarily
along the ocean bottom where the soundings did not reach,
and also at the end points of the tracks between the end sta-
tions and the beach. The deepest sounding data were extended
all the way to the sea floor directly under that station.
The method used for extrapolating deep current velocities
into these ocean bottom regions is described in detail later
in this thesis, in Section IV B. Regarding the end points,
the data of the end stations were extended horizontally until
the beach slope terminated the extension. Appendix D contains
the end point data. It is shown that these ends of the sec-
tions contribute negligible amounts to the mass, salt and
heat transport totals.
B. COMPUTATION OF VELOCITIES, TRANSPORT OF MASS,

SALT CONTENT AND HEAT

There have been limited synoptic velocity measurements
made in the South Pacific. With the geostrophic equilibrium
assumption, together with the procedure of Sverdrup et al.
(1942), temperature and salinity data such as that of the
SCORPIO Expedition may be utilized to determine dynamic height
and synoptic velocity values for areas of interest. The

majority of the calculations for this study were performed on




an IBM-360/67 computer utilizing a basic program developed
by Greeson (1974). The Greeson program was modified by
Mason (1978) to evaluate data voids along the sea floor as
well as to attribute net mass, salt and heat transport be-
tween individual station pairs and/or along an entire track
to particular identifiable water masses. g
Greenson's program initially took temperature and

salinity data at various depths and interpolated them to

standard depths. Next sigma-t, the specific volume anomaly

and specific volume were calculated for each standard depth.

Then the equation

Sa * O(z+a7)

§ = 5

was used to compute an average specific volume anomaly for
each pair of standard depths for each station. ©Note that
§ was the average specific volume anomaly, and SZ and
6(Z+AZ) were the specific volume anomalies at the standard
depths of Z and Z+AZ

Following this, dynamic heights, D , were computed for
each station. To do this, the dynamic height difference,

AD , between the standard depths was calculated by
AD = 3(Z - (Z+AZ)]

The dynamic height of each station was produced by a summa-

tion of the dynamic height differences
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Next, the program calculated the distance, L , between sta-
tions. This distance varied with latitude and longitude.
With the calculated station separation, the relative veloc-
ity between station pairs for each standard depth was com-
puted using the Helland-Hansen formula. Given relativé
velocities, absolute geostrophic velocities were derived by
identifying a level of no motion. This level of no motion
was defined by absolute geostrophic velécities of zero.

Density was calculated using the formula:

-
%sTP

PeTp ©

where agqp is the specific volume for a particular salinity,
temperature and pressure.

This process has produced what was described by Greeson
(1974) as four corners of a rectangle limited by two oceano-
graphic stations and two standard depths with four measure-
ments of temperature, salinity, velocity and density. These
four sets of measurements were distributed one to each corner
of the rectangle and then the sets were averaged giving a
composite value for the bounded area. This area was defined
by the station separation and the standard depth internal.
The mass transport for the subject vertical area was com-
puted given the area density, velocity and area size. Next
the calculated mass transport was multiplied by the average
salinity and average absolute temperature. This resulted in

an area salt flux and heat flux. Summing over the water column
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produced the net mass, salt and heat flux for that pair of
stations. The program then determined the net transport
between each pair of standard depths, coast to coast, by
summing the area values horizontally. A vertical summation
process gave the total net mass, salt and heat transpor}
for the entire latitudinal section. |

The area extending from the deepest standard common depth
to the bottom was handled in a slightly’different manner. The
vertical area between the sea floor and the deepest common
depth between adjacent stations was first determined. Next
it was assumed that the velocity of the sea floor was zero;
therefore, the average of the deepest common level absolute
geostrophic velocity and the zero sea floor velocity was ap-
plied as representative of this bottom area. Mass transport
in this bottom area was calculated by multiplying this average
velocity by the vertical area and deepest calculated density.

To arrive at salt and heat transport, the area mass
transports weie multiplied by the deepest rgcorded salinity
and temperature which was assumed to extend on down *to the
sea floor.

An error may have been introduced in that, between a pair
of stations, the bottom area water mass was attributed to
the deepest type parcel of water actually sampled. In other
words, if the deepest water sampled was an intermediate type
of water, the void from the sample depth to the sea floor

would be treated as intermediate water with all associated

characteristics (i.e., density, current velocity, etc.).




The level of no motion was determined by setting a con~
stant depth across the ocean unless interrupted by shoaling
bathymetry, in which case the closest standard depth to the |
bottom was utilized for that station pair. This constant .

depth across the ocean was then moved vertically to locate

a level of minimum net mass transport. Once this was éstab-
lished, the level was again moved'up and down to determine a
level of minimum net salt transport. At each of these two
minimum levels, the heat transport was calculated. Zero

mass and salt transport values were the desired objective,
but these were only approximately obtained since the possible
level of no motion values were taken no closer than at 1- %

meter intervals.

C. IDENTIFICATION OF WATER MASSES

One objective of this investigation was for it to be
somewhat compatible with the studies of Jung (1355), Greeson
(1974), Baker (1978) and Mason (1978). These studies use a
general stratification pattern of Upper, Intermediate, and
Deep/Bottom waters. An appropriate water mass classification
scheme had to be located and adopted, either verbatim or in a
modified form. The water mass schemes of Sverdrup et al. (1942),

Deacon (1963) and Wyrtki (1966), as reported by Knox (1970),

Defant (1961), Radzikjovskaya (1965), Stepanov (1965) and
Muromtsev (1963) were examined and the scheme of Muromtsev
was selected as being the most comprehensive for the Pacific,

especially for the South Pacific. The Muromtsev scheme i




allowed for 14 different South Pacific water masses to be de-
fined with temperature, salinity and oxygen range limitation,
although oxygen compogition was not used by this author..
Depth criteria for the different masses was also included.
Figures 3, 4 and § illustrate Muromtsev's water mass areas.

Table I illustrates the varioué water masses selected
from the Muromtsev scheme. After comparing the oceanographic
station data to the water mass scheme, éertain parcels of
water between identified masses were still unclassified. The
temperature and salinity ranges of Muromtsev were then ex-
panded as necessary to classify these transition zones.
Table I shows this tabulation which is also illustrated in
Figures 6 and 7.

The surface water masses of the South Pacific were found
between the surface and about 200 meters. They were formed
by direct interaction with the atmosphere and were subject to

seasonal variations in characteristics. Of the water masses

they had the least uniformity and were also subject to contin-

ental runoff and precipitation. The surface water of the
South Pacific was composed of six distinct water masses:
Equatorial Surface Water, Southern Tropic Surface Water,
Peru Surface Water, South-Central Subtropic Surface Water,
Surface Water of South Temperate Latitude and Antarctic
Surface Water.

The subsurface waters were found between about 150/200m
and down to 600m in depth. They were formed in the zone of

subtropical convergence and sinking of surface waters. Also
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